Objectives-To analyse the collagen composition of normal adult human supraspinatus tendon and to compare with: (1) a flexor tendon (the common biceps tendon) which is rarely involved in any degenerative pathology; (2) [83.8 (13.9) ,ug/mg dry weight and 76-9 (16.8) ,ug/mg dry wt respectively) and were more soluble in acetic acid, pepsin and cyanogen bromide (p < 0.001). Eighty two per cent (14/17) of supraspinatus tendons and 100% (8/8) of subscapularis tendons from patients with tendinitis contained more than 5% type III collagen.
tendon rupture. These changes may be the result ofrepeated minor injury and microscopic fibre damage or a consequence of local factors such as reduced vascular perfusion, tissue hypoxia, altered mech-*anical forces and the influence of cytokines. These collagenous changes may accumulate with age and substantially weaken the tendon structure, predisposing the tendon to rotator cuff tendinitis and eventual tendon rupture. Rotator cuff 'tendinitis' is a debilitating degenerative condition and one of the principal causes of chronic shoulder pain.' 2 Although often considered to resolve with time, the prognosis is poor in a significant number of patients.3-5 Conventional conservative therapies, including rest, physiotherapy and nonsteroidal anti-inflammatory therapy, are often of limited benefit and many patients do not respond to local corticosteroid injections.6 7 Rotator cuff tendinitis is not often treated surgically and because diagnosis does not require biopsy of the tendons, our understanding of the pathology is relatively poor. Most patients present in middle age and it is generally believed that age-related degenerative changes in the tendon are important.8 The supraspinatus tendon is most commonly affected, usually at the 'critical zone', one centimetre from the bone insertion.9 Impingement against the acromium and overlying structures has been advocated as the principal cause of rotator cuff tears.'0 Other studies, however, have shown that this may be a secondary feature of degeneration." The 'critical zone' is a region of blood vessel anastomoses'2 and a reduction in blood perfusion as a result of age or injury can cause degeneration of tendons. '3 In addition, repetitive, overhead activities related to certain sports and occupations have been associated with shoulder pain and tendinitis. '4 Previous studies of rotator cuff degeneration and rupture have been histopathological and biochemical studies of immature and animal flexor tendons and may not be relevant to ageing human rotator cuff tendons. Collagen is the principal matrix component and the major structural protein of all connective tissues. At least 14 types of collagen have been identified and this molecular heterogeneity has important consequences for the structure and function of the matrix. '5 16 Changes in the relative proportions of the collagen types have been described in both normal and pathological conditions. '7-20 Normal tendon is composed almost entirely of type I collagen.2' An increased proportion of type III collagen is produced in the early phase of tendon wound healing.22 This is gradually replaced by type I collagen as the scar tissue matures and the mechanical strength of the wound returns to normal, although an abnormal collagen composition may persist many months after 22 injury. Type III collagen tends to form collagen fibrils of small average diameter. 23 Consequently the maintenance and regeneration of the normal collagen matrix are essential for the structure and function of the tendon. This study was conducted to characterise the changes in collagen composition in a large sample of human supraspinatus tendons without any medical history of rotator cuff disease and to compare these changes with a sample of tendon biopsy specimens taken from patients with advanced rotator cuff tendinitis.
Materials and methods

TISSUE PREPARATION AND PROCESSING
Tendon specimens were dissected free of muscle, fat and all remains of the subacromial bursa and surrounding connective tissues. The specimen was freeze dried and powdered in a Spex freezer mill and stored desiccated at -200C. MEASUREMENT Chloramine-T reagent (25 [lI) was added to each sample well and DAB reagent (150 ,u) was added after four minutes. The plate was covered and heated to 60°C for 40 minutes, cooled for five minutes to room temperature, then scanned at 560 nm using a Titertek Multiscan II plate reader. Hydroxyproline standards of 5-30 ,ug/ml were prepared in distilled water. An internal standard of 5 ,ug HYPRO was included in some samples to check for quenching. The collagen content was calculated using a multiplication factor of 6-94 for type I collagen and 5-56 for type III collagen.
SOLUBLE COLLAGEN ANALYSIS
Powdered tendons (10-15 mg dry weight) were extracted with 10 ml of 0 5 M acetic acid for 48 hours at 4°C and the acetic acid soluble collagen was separated by centrifugation (15 000 g for 10 minutes at 4°C) and analysed for HYPRO. The insoluble residue was digested in 1-0 ml of 0-5 M acetic acid containing 1.0 mg/ml pepsin for 24 hours at 4°C, then centrifuged (15 000 g for 10 minutes at 4°C) and the supernatant analysed for HYPRO. The pepsin insoluble residue was lyophilised and stored at -20°C. Soluble collagen extracts were taken up in SDS sample buffer, heated to 1 00°C for five minutes and subjected to 6% SDS-PAGE using the Bio-Rad Mini-Protean II system and Laemmli buffers. 25 Interrupted SDS-PAGE and delayed reduction with P-mercaptoethanol was performed essentially as described by Sykes et The acetic acid and pepsin insoluble tendon residue was digested in a solution of 10 mg/ml cyanogen bromide in 70% formic acid, essentially as described previously.29 The reaction was conducted at room temperature in a nitrogen atmosphere for a period ranging from four to 24 hours. Some tendon specimens were extracted with 4M guanidine HCl, both with and without the reducing agent DTT, before digestion. Soluble peptides were separated from the undigested residue by centrifugation (15 000 g for 10 minutes) and an aliquot of the supernatant was diluted in 10 volumes of water and freeze dried. Collagen peptides were dissolved in 0-1 M acetic acid, an aliquot was taken for HYPRO analysis and the remainder was dissolved in SDS sample buffer for 12 5% SDS-PAGE. Gels were stained overnight with Coomassie Brilliant Blue G250, destained and scanned using an LKB Ultrascan XL scanning densitometer. The concentration of each collagen type was calculated by reference to representative peptides of human collagen standards in adjacent sample lanes. Because of the extreme variability in collagen solubility of different tendons, the type III content was expressed relative to the total collagen content of the tendon, calculated by HYPRO analysis of the papain digest.
STATISTICAL ANALYSIS
The difference between sample group means was tested for statistical significance by the non-parametric analogue of the two-sample t test, the Mann-Whitney test. Sample means were considered significantly different if p<005. TENDON 
SPECIMENS
Specimens of supraspinatus tendons and common biceps tendons were collected from cadavers at necropsy. None of the subjects had any known history of tendinitis or shoulder pathology. Shoulders with gross rotator cuff lesions were excluded from the study. Surgical biopsies of rotator cuff tendons (supraspinatus and subscapularis tendon) were collected by CRC, at Addenbrookes Hospital, Cambridge, UK. Patients with chronic 'tendinitis' (a rotator cuff tear) had been treated conservatively with at least one corticosteroid injection before surgery. Tendons with 'calcifying tendinitis' had radiographically detectable mineral deposits-tissue was excised from around the deposit. Biopsies of tendons were also taken during fracture repairs, prosthetic shoulder replacement, and 'stabilisation' operations to prevent recurrent dislocation. The biopsy specimens varied in size from 100 mg up to three grams wet weight.
Results
The tendon specimens are listed in table 1. Eighty two supraspinatus tendons (forty eight males) were obtained from cadaver shoufders, 42 specimens from the right hand side. Bilateral specimens were obtained from three cadavers (55, 59 and 91 years). Although none of the cadavers had any known history of shoulder disorders, 22 specimens had some form of macroscopic abnormality, according to the subjective assessment of one of us (MDC). Eleven specimens (five males) had some tendon fibre disruption, fraying or partial thickness tears and were designated 'ruptured'; five specimens (two males) had a thin, atrophic appearance and were designated 'thin/degenerate'; five specimens (two males) contained white mineral deposits and were designated 'calcified'; three specimens were of an otherwise abnormal appearance and designated 'miscellaneous abnormalities'. One specimen was both 'ruptured' and 'calcified' and is represented twice in the table. Eight 'normal' cadaver specimens (three males) between the ages of 19 and 88 were divided into approximately equal bone and muscle ends in a study of regional variation within the tendon. All of the common biceps tendons were macroscopically normal.
WATER CONTENT Supraspinatus and subscapularis tendons with chronic 'tendinitis' had a significantly greater water content compared with macroscopically 'normal' supraspinatus tendons (table 2) . There was no significant difference in water content between the bone and muscle ends of the tendon (data not shown). and subscapularis tendons from joint replacement operations (p < 0 01).
SOLUBLE COLLAGEN ANALYSIS
The proportion of acid and pepsin soluble collagen was very low in all the 'normal' cadaver tendon specimens and comprised in total less than 3% of the tendon dry weight (table 4) . There was no significant difference between any of the cadaver tendons, regardless of the macroscopic appearance and age of the tendon.
The biopsy specimens of supraspinatus and subscapularis tendons were significantly more soluble in both acetic acid and pepsin than the cadaver specimens (p < 0.001). However, the pepsin soluble collagen comprised on average less than 15% of the dry weight of the subscapularis tendons and less than 1 0% of the dry weight of the supraspinatus tendons.
Acetic-acid soluble collagen was taken up in SDS sample buffer and run on 6% reducing SDS-PAGE. No collagen bands were detected from any of the specimens after staining with 0-25% Coomassie Blue G250 or after Western blot analysis with specific anti-type I and antitype III collagen antibodies (data not shown). This suggests that either the collagen concentration was beneath the limits of detection, or the extracted hydroxyproline was in peptide form, perhaps as a consequence of proteolytic cleavage.
The pepsin soluble collagen was separated by SDS PAGE with interrupted electrophoresis and reduction. The method exploits the presence of inter-chain disulphide bonds in type III collagen and allows the separation of type I and type III collagen. Pepsin extracts from normal cadaver specimens all contained predominantly type I collagen, although a small amount of type III collagen was just visible in some specimens (fig 2) .
Biopsy specimens from patients with chronic supraspinatus tendinitis also contained predominantly type I collagen, although there was a significant proportion of type III collagen, confirmed by Western blot analysis (fig 2) . 3. There were some older specimens that were almost completely soluble and younger specimens with low solubility. The recovery of collagen was often extremely low, at least in Age Figure 3 Cyanogen bromide solubility of the supraspinatus tendon. The acetic acid andpepsin insoluble residues of normal cadaver supraspinatus tendon specimens (age range I 1-95years, n = 60) were digested in 10 mg/ml cyanogen bromide in 70% formic acidfor 24 hours at 25°C. Peptides of type I and type III collagens were present in many specimens, but no peptides from other collagen types were identified. Dyebinding curves of standard collagens were obtained for the major cyanogen bromide peptides by densitometric analysis using a laser gel scanner. The co1(I)CB8 peptide and the ot1(III)CB5 peptide were selected for quantitation of the collagen types I and III respectively (fig 4) . These peptides were of approximately the same size (263 and 223 amino acids respectively), are not known to be involved in collagen cross-linking and exhibited a linear dye-binding response up to 125 ,ug of collagen equivalent (data not shown). ii.-lmr:! p P.
group.bmj.com on April 12, 2017 -Published by http://ard.bmj.com/ Downloaded from spinatus tendon specimens contained more than 5% type III collagen and 100% (8/8) of the subscapularis specimens contained greater than 5% type III collagen. (fig 5B, C) .
Of the remaining tendon biopsies, only the specimens obtained from shoulder replacement operations had a significantly higher type III collagen content (p < 0.001), although two of the three specimens from acute shoulder injuries and two of the five specimens from stabilisation operations contained over 5% type III. The three specimens from calcifying tendons, although very soluble in cyanogen bromide, had a mean type III content of just 22/2% (range 0-4a 1%).
Discussion
In this study we have shown that the total collagen content of the normal supraspinatus tendon does not change significantly with age and was similar to the common biceps tendon, a flexor tendon that is rarely involved in any pathology. A higher collagen concentration has been reported in some animal tendons, although the range varies from 50% to 85% of the tendon dry weight.3' Many of the degenerate tendons from cadavers and biopsies from patients with tendinitis had a decreased collagen concentration and this change may predispose the tendon to rupture, as a reduction in the collagen density has been correlated with the tensile strength of tendons.32
In some specimens, a reduction in collagen concentration was found in tendons which were mineralised with calcium salts, perhaps associated with an increase in the tendon dry mass. The exact nature of these crystals is unknown and it remains to be determined if calcium deposits are associated with any of the other specimens with a low collagen content. Calcific deposits have been associated with tendon rupture, although it is not known if these deposits are primary or secondary to the tendon degeneration.33
A potentially important physico-chemical property of the ageing human tendons was the extremely insoluble nature of the tendon collagen. This age-related change could be attributed to the maturation of inter-molecular cross-links, although the initial results of a study of a group of young (<35 years) and old (>70 years) cadaver tendons, showed that hydroxypyridinium cross-links remained constant across the age range (unpublished observations in collaboration with Professor Eyre, Department of Orthopaedics and Biochemistry, University of Washington, Seattle, USA). It is speculated that advanced glycation end (AGE's) products, which occur as a result of the accumulation of reducing sugars on long-lived proteins,34 are at least partly responsible for this change in solubility. Mature tendon has a high concentration of collagen cross-links and will be less elastic and prone to tendon fibre strains. In addition, the turn-over and remodelling of the tendon collagen may be significantly affected, as mature, cross-linked collagen is resistant to enzyme digestion and relatively inert.35 36 An analysis of the different cross-links of the normal and degenerate supraspinatus tendons will provide important information regarding the synthetic activity of the matrix and the turn-over and degree of maturation of the collagen fibres.
Normal tendons are characteristically composed of greater than 95%/o type I collagen, arranged in parallel fibre bundles, with relatively small amounts (<5%) of the collagen types III, IV and V.2" Type III collagen is codistributed with type I collagen in many tissues, but it has previously been shown to be restricted to the endotenon surrounding the fibre bundles in normal tendon. 37 Subscapularis tendons were obtained from humeral head fractures, young patients with unstable shoulders ('stabilisation' operations) and from older patients requiring a shoulder prosthesis (shoulder replacements). These tendons could not be considered representative of normal tissues given the likelihood of soft tissue trauma in these shoulders. It is interesting, however, that many of these tendons also contained an increased proportion of soluble type III collagen, although there was no visible evidence of a tendon fibre rupture. It is possible that there were microscopic tears of tendon fibres within the tendon mid-substance and that the increased proportion of type III collagen represents an attempt to repair the tendon defect.
A significant proportion of the 'normal' cadaver supraspinatus tendons (10/60) also contained an abnormally high concentration of type III collagen. The initial injury in these tendons might result from trauma, possibly of small and repeated tendon strains, resulting in microscopic fibre tears and disruptions in the tendon mid-substance. Many tendon tears are found within the tendon matrix and do not open out to the tendon surface. 40 Alternatively the change in collagen type might be a response to hypoxia in the tendon, which has frequently been associated with the degeneration that occurs before tendon rupture.'2 13 Recently it has been shown that vibration and repetitive trauma cause a transient increase in the expression of insulin like growth factor (IGF-1) by internal fibroblasts in rat tendons."' IFG-1 stimulates the synthetic activity of fibroblasts, and in tendons exposed to vibration trauma results in an abnormal secretory pattern. The acute and long term effects on tendon matrix synthesis and degradation are not known and may involve additional growth factors, not yet characterised.
In a previous histological study, we showed that degenerative changes are commonly found in many cadaver supraspinatus tendons with no history of shoulder pain.42 This study has shown that changes in the collagen concentration, solubility and composition of the supraspinatus tendon accompany tendon degeneration and confirms our belief that biochemical changes in tendon matrix may predispose a proportion of individuals to chronic rotator cuff tendinitis and tendon rupture.
